background: Human embryos grow naturally in vivo in lower oxygen (O 2 ) tension environments than atmospheric O 2 tension. Therefore, human embryonic stem cells (hESC), a derivative of embryos, will likely grow more favorably in a reduced O 2 tension. This study aimed to compare the behavior of hESC under reduced O 2 tension (5%) versus normoxia (21%).
Introduction
Human embryos normally develop before and after implantation in environments with relatively low oxygen (O 2 ) tension compared with the atmosphere. It has been demonstrated that the O 2 tension in the female reproductive tract where embryos grow and develop is much lower than that of the atmosphere (21%). For example, the O 2 tension in the lumens of oviducts in hamsters, rabbits and rhesus monkeys has been estimated to be 8% (Fischer and Bavister, 1993) . The O 2 tension is even lower in the uterus, ranging from 5% in the rabbit to 1.5% in the rhesus monkey (Fischer and Bavister, 1993) . A mean O 2 tension of 11.8% air saturation (i.e. 2.5% O 2 tension or a partial pressure of 18.9 mmHg) in the human uterine endometrial surface was reported recently (Ottosen et al., 2006) . Previous reports have also suggested that culture in reduced O 2 tensions (5-7%) results in improved development of animal (Quinn and Harlow, 1978; Thompson et al., 1990; Harvey, 2007) and human embryos in vitro (Petersen et al., 2005) . Due to the above observations, the culture of mammalian embryos (including human) under reduced O 2 tension has become more extensive in recent years. Many human infertility centers are also starting to use this culture environment in their in vitro fertilization programs. However, a low O 2 tension is known to induce angiogenesis and glycolysis for cell growth, and in extreme hypoxic states, growth arrest and apoptosis may occur (Koshiji et al., 2004) . In a recent pilot study, the use of a reduced O 2 tension (5%) did not affect the fertilization rate and pregnancy rate in an in vitro fertilization program, although the morphologic scores of these human embryos appeared to be better (Kea et al., 2007) . Such data are confusing and do not provide strong enough evidence to support the unanimous use of low O 2 tension in culturing human embryos.
Embryonic stem cells (ESC) are typically derived from the inner cell mass of blastocysts and therefore may be regarded in some aspects as extensions of embryos. Using such reasoning, if a low O 2 tension is good for embryo growth, mouse or human ESC (hESC) should also grow favorably in a reduced O 2 environment. Up to now, only some reports (Ezashi et al., 2005; D'Ippolito et al., 2006; Forsyth et al., 2006; Gibbons et al., 2006; Kurosawa et al., 2006; Peura et al., 2007) have explored this issue and they have provided some evidence for this assumption. Specifically, low O 2 tension has been shown to inhibit the differentiation of hESC (3 -5% O 2 ) (Ezashi et al., 2005) and human MIAMI cells (3% O 2 ) (D'Ippolito et al., 2006) , and to exert positive effects on the establishment and maintenance of mouse ESC (Gibbons et al., 2006) . However, in striking contrast, hypoxia (1% O 2 ) has been shown to inhibit self-renewal and induce early differentiation of mouse ESC through the induction of HIF-1a and subsequent suppression of LIF-STAT3 signaling in vitro (Jeong et al., 2007) . Interestingly, a higher O 2 tension (40%) than atmosphere retards the differentiation of ESC (Kurosawa et al., 2006) . It is clear from these reports that 1% O 2 tension is probably very different physiologically from 3 to 5% O 2 tension. In addition, it is interesting to note that even after the publication of those positive reports about low O 2 tension, many labs still use a 20-21% O 2 tension as a standard for culturing hESC and human embryos. Accordingly, more data are needed to determine whether a low O 2 tension is beneficial in the culture of hESC. We planned to clarify this point by comparing the culture of hESC in atmospheric (21%) and low (5%) O 2 tensions. The proliferation, morphology, status of apoptosis and hypoxia and stemness and differentiation genes expression profiles of the hESC were examined. It is hoped that the resulting data will provide further information for reference in the future culturing of hESC.
Materials and Methods

Culture of hESC
The hESC used for this study were the passages 50 -70 NTU1 and NTU3 hESC lines reported previously and have been routinely maintained in our lab (Chen et al., 2007) . These hESC have been maintained on murine embryonic fibroblast (MEF) feeders using serum-free medium (ReproCELL primate and human ES Cell culture medium; ReproCELL, Japan, http:// www.reprocell.com/en/). The cells were maintained and split using the protocols published previously but with some modifications (Chen et al., 2007) . The hESC were split every 7 days by mechanical methods using a 30-gauge insulin needle or by enzymatic methods using dispase and collagenase type IV (Gibco). Beginning 48 h after splitting, the hESC colonies were observed and the medium was changed every day. For the study of the effect of reduced O 2 tension, the dissociated hESC pieces were plated evenly on gelatin-treated (0.1%) organ culture dishes (NUNC), 35-mm culture dishes (NUNC) or 10-cm culture dishes (BD Falcon), depending on the number of cells needed for experiments. These culture dishes had previously been plated with mitomycin-C-treated MEF feeder cells (6 Â 10 4 cells/cm 2 ). The culture dishes were then divided and put into one of two types of culture conditions: (i) normoxic culture: 21% O 2 and 5% CO 2 or (ii) reduced O 2 culture: 5% O 2 and 5% CO 2 . The starting number of hESC in each culture dish was the same for each group. A standard CO 2 incubator (RCO300T [capacity, 164 l]; Revco), which provided 5% CO 2 in humidified air, was used for the normoxic culture. A triple gas incubator 30 l] ; Astec), which provided a 5% CO 2 and 5% O 2 air mixture, was used for the reduced O 2 culture. This latter incubator controls O 2 and CO 2 tensions at desirable levels by the periodic and on-demand injection of CO 2 and N 2 . The medium (ReproCELL medium) was changed daily and the morphology of the hESC colonies was observed, recorded and photographed. The parameters of morphology included the shape, size, area of differentiation and thickness of the colonies of hESC. The thickness of the colonies indicated the depth (number of cell layers) of the colonies and was subjectively evaluated by adjusting the fine adjustment knob of the microscope to identify the upper and lower margins of the colony. Individual stem cells were also visualized under high power of the light microscope for their size, nucleolus and nucleus/cytoplasm ratio. The level of differentiation of the colony was scored as good (.3/4 of the colony was transferable), fair (,1/2 to 3/4 transferable) and poor (,1/2 transferable). The hESC were then collected periodically at pre-determined time points (days 3, 5, 7 and 14 after splitting) by mechanical methods. These harvested cells were fixed immediately for flow cytometry studies or were stored for further RNA extraction. For immunofluorescence (IF) studies, split hESC pieces were cultured on gelatin-treated, MEF (6 Â 10 4 cells/cm 2 ) plated chamber slides (NUNC) and cultured for designated periods of time. At the end of culture, the cells were fixed and analyzed immediately. For each comparison, experiments were repeated at least three to five times.
Since the hESC were maintained in a 21% O 2 environment before this study and these cells needed time to adapt to the reduced O 2 conditions, we also compared the differences of hESC at the end of four consecutive passages in different O 2 tensions. Therefore, for this experiment, the hESC were split and allocated in parallel again into two culture conditions (21% and 5% O 2 ). Subsequently, each group of hESC was maintained and split every 7 days for a consecutive four passages without a change of culture conditions (i.e. persistently 21% O 2 or 5% O 2 ), and the hESC were collected at the end (day 7) of the 4th passage. The hESC were then collected for PCR, flow cytometry and IF studies. As controls for the gene expression study, the split hESC pieces were cultured in suspension in Petri dishes for 5 days according to the previous protocol (Chen et al., 2007) for embryoid body (EB) formation. Some EBs were collected for direct examination at this point and others were put into a differentiating culture for 21 -28 days using conditioned medium obtained from the CHO-K1 cell line, a Chinese hamster ovary cell line (BCRC 60 006; original source: aTCC CCL-61) and collected for study.
IF study and alkaline phosphatase staining
After culture, the hESC on chamber slides were fixed and examined by IF according to the protocols provided by the manufacturer (Chemicon) and a previous report (Chen et al., 2007) . Briefly, the hESC were fixed in 4% paraformaldehyde and then subjected to the following procedures: permeabilization (0.1% Triton X-100), blocking (4% normal goat serum), primary antibody treatment for 1 h at room temperature (RT), three cycles of washing, fluorescence-labeled secondary antibody treatment for 1 h at RT, three cycles of washing, cover slipping and mounting with anti-fade mounting solution. Anti-b-catenin (mouse IgG1) (BD Biosciences) was used in this study and the cells were counterstained with Hoechst 33342 for nuclear staining. The stained slides were observed and photographed using a fluorescence microscope. The hESC colonies were also stained with alkaline phosphatase (AP) (Alkaline phosphatase substrate kit III, SK-5300, Vector) to determine its stem cell nature.
Flow cytometric analysis
The apoptosis status and the expression of stemness genes (Oct-3/4 and TRA-1-60) of hESC after culture in different O 2 tensions were compared using flow cytometric analysis. Briefly, hESC colonies were treated with 0.25% trypsin-EDTA for 5 min and dissociated into single cells. The hESC were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100 at RT for 30 min. The single cells were collected by centrifugation and finally suspended in phosphate-buffered saline (PBS) at 1 Â 10 6 cells/ml. Then single cells were incubated with antibody against Oct-3/4 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or TRA-1-60 (Chemicon) for 2 h at RT after blocking with mouse SERO-BLOCK FcR (AbD Serotec, Oxford, UK) for 10 min at RT. After three brief washes in PBS, the cell samples were incubated with secondary antibody (goat anti-mouse IgG, IgA and IgM) for 1 h at 48C in the dark. As a negative control, cells were stained with the appropriate isotype-matched control. Flow cytometric analysis was performed using a FACSCalibur Flow Cytometer (Becton -Dickinson) and the acquired data were analyzed using WinMDI 2.9 software. For apoptosis status, the cells undergoing apoptosis was detected with the Annexin V: fITC Assay Kit according to the manufacturer's protocol (AbD Serotec). In brief, hESC were treated with 0.25% trypsin -EDTA for 5 min to be dissociated into single cells, washed twice with cold PBS and then re-suspended in 1Â binding buffer (10 mM Hepes/NaOH, 140 mM NaCl and 2.5 mM CaCl 2 ). After addition of Annexin V-FITC into a 5 ml tube containing 2 -5 Â 10 5 cells in binding buffer for 10 min at RT in the dark, the cells were washed and re-suspended in propidium iodide (PI) in binding buffer. The cells were then subjected to flow cytometric analysis immediately.
Real-time PCR
A real-time quantitative PCR system was used to quantify the relative mRNA levels in the hESC samples. Briefly, at pre-determined time points, hESC were collected mechanically and treated with RLT lysis buffer (Qiagen). RNA was then prepared and cDNA obtained by random hexamer priming as previously reported (Chen et al., 2002) . The primers and probes used in the PCR were selected from the TaqMan Gene Expression Assays bank (Applied Biosystems). The assay IDs of the targeted genes are listed in Table I . TaqMan MGB probes (FAM TM dye-labeled) were used and the PCR conditions followed the protocol provided by the manufacturer (Applied Biosystems). In brief, the PCR was carried out in a thermal cycler (ABI PRISM 7900 Sequence Detection System; Applied Biosystems) in the following sequence: reaction at 508C for 2 min, at 958C for 10 min, and subsequently the PCR was repeated for 40 cycles of denaturation at 958C for 15 s and annealing and extension at 608C for 1 min. The authenticity of PCR products was verified by 2% agarose gel electrophoresis and by direct sequencing. The genes examined include Oct-3/4, Nanog, Cripto (stemness gene), cyclin-D1 (Wnt pathway), a-fetoprotein (a-FP) (endoderm), Desmin (mesoderm), Nestin (ectoderm), GDF-9 (germ cell lineage), HIF-1a, VEGF (hypoxia genes) and an internal control gene, GAPDH. The relative concentration of each mRNA was calculated using the DDC T method according to the manufacturer's user manual. Briefly, the threshold cycle (C T ) values of the target gene mRNA and the internal controls in the samples were first measured. The DC T value of the study sample was calculated by the following formula: DC T ¼ C T of target gene2C T of GAPDH (designated as 'sample DC T '). Similarly for the DC T value of the calibrator (hESC-derived EB or differentiated hESC were used as the calibrators), the C T values of the target gene and GAPDH were obtained and the DC T was calculated (designated as the 'calibrator DC T '). Finally, the DDC T was calculated using the following formula: DDC T ¼ DC T (sample)2DC T (calibrator); the relative value of each mRNA was calculated by the formula: 2
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. A PCR without template was used as a negative control to verify the experimental results.
Statistical analysis
A Student's t-test, paired t-test and one-way ANOVA were used where appropriate for the statistical analysis in this study. SPSS statistical package (SYSTAT Software Inc.) was used to analyze these tests. A P-value ,0.05 was considered statistically significant. 
Morphology, proliferation and AP activity of hESC
After culture for 7 days of the first passage of NTU1 hESC (the first passage after last splitting), the only detectable morphologic difference was that the hESC colonies in a reduced O 2 culture were slightly thinner, more transparent under dark field, more fragile and could be more easily dissociated during manual or enzymatic splitting (Figs 1, 2A and I) . At the end (day 7) of the fourth consecutive passage, the difference between the two O 2 tensions was similar to the findings on day 7 of the first passage (data not shown). The above observations, such as the thinner colonies in 5% O 2 , became more consistent and apparent at the end of a prolonged culture for 14 days ( Fig. 2B and J) . Comparable to the findings of thinner colonies, the AP staining was also less intense in a reduced O 2 culture on days 7 and 14 of the first passage (Fig. 2C , D and K, L). Findings similar to those with the NTU1 hESC line (thinner colonies, less intense AP staining, similar surface areas of the colonies and less darker differentiated areas, as described below, in 5% O 2 ) were also identified in the NTU3 hESC line (data not shown). Although the mean surface areas of the hESC colonies (NTU1 and NTU3 lines) were not statistically different between the different O 2 tensions (Table II) on days 7 and 14, scattered areas that appeared darker, probably suggesting differentiation, were more apparent in the normoxic culture from days 10 to 12 until day 14 (Fig. 1D-F and J-L). The percentages of good (i.e. .3/4 of the colony is transferable) hESC colonies (NTU1 and NTU3 lines) in different O 2 tensions were compared (Table III) . For this latter experiment, five observations were done at each time point (days 7, 10 and 14). For each observation, at least 30 colonies were analyzed for each group of O 2 tensions. It was found that the percentages of good colonies were significantly higher on days 10 and 14 of culture in 5% O 2 tension (Table III) . Paradoxically but consistently however, more cells of the NTU1 hESC line became larger in a reduced O 2 culture than in a normoxic culture visible under fluorescence microscopy (Hoechst 33342 staining) ( Fig. 2E and M) , light microscopy ( Fig. 2F and N) or through the analysis by flow cytometry (Fig. 2G and O) , possibly suggesting more cells in a very early stage of differentiation. Similar findings were demonstrated in the NTU3 hESC line (data not shown). Taken together, these observations revealed that when hESC (both NTU1 and NTU3 lines) were split at a routine 7-day interval, it was difficult to identify morphologic differences, except the thickness of colonies, between the two gaseous tensions. In a longer-term culture (10-14 days) than routine however, the difference became significant but the comparative levels of differentiation could not be definitely determined by morphologic criteria alone. In addition, using the same starting cell numbers of the NTU1 hESC line, it was found that the cell numbers increased exponentially in both O 2 tensions (Fig. 2H) . Although the cell numbers were not different on days 3, 5 and 7, they were significantly lower in 5% O 2 than in 21% O 2 after a consecutive 14 days of culture (P ¼ 0.019) (Fig. 2H) . Similar findings were also revealed in the NTU3 hESC line (data not shown).
Apoptosis and expression of TRA-1-60 and Oct-3/4
For the NTU1 hESC line, there were low levels of apoptosis in both O 2 tensions (Fig. 3A -E) . Although a trend towards higher levels of apoptosis was noted in 5% O 2 culture, especially after 14 days, the difference was not significant (P ¼ 0.207 on day 14 of culture) ( Fig. 3A -E) . The percentages of NTU1 hESC expressing the stem cell markers, TRA-1-60 and Oct-3/4, were not significantly different between the two O 2 tensions on days 7 and 14 of the first passage and day 7 of the fourth passage (Fig. 3F-J) . In addition, when the product levels of each gene itself (TRA-1-60 or Oct-3/4) were compared at different time points of the same O 2 tension, there was no difference (Fig. 3J) . The latter result indicates that even after 14 days of culture without splitting, the percentage of cells expressing TRA-1-60 and Oct-3/4 remained favorable in the present culture condition at both O 2 tensions. Again no difference of apoptosis and stem cell markers (TRA-1-60 and Oct-3/4) was found between the two O 2 tensions for the NTU3 hESC line (data not shown).
Expression of stemness, differentiation, Wnt pathway-related and hypoxia-related genes
It was found that the expression of stemness genes (Oct-3/4, Nanog and Cripto) and the differentiation genes (Nestin, Desmin, a-FP and GDF-9) were not different at most time points (with one exception) for the NTU1 hESC line at different O 2 tensions (Fig. 4A -C and E -H). There was a borderline increase in Desmin expression on day 7 of the first passage in 5% O 2 culture (P ¼ 0.042) (Fig. 4F) . The stemness genes were highly expressed in undifferentiated hESC, and as expected were barely detectable in differentiated hESC (Fig. 4A-C) . When the mRNA levels of each gene itself were compared at different time points of undifferentiated cultures at the same O 2 tension, there were no differences (Fig. 4A-C and E-H) . This latter result suggests that no major difference in gene expression patterns occurs when hESC are cultured for up to 14 days without splitting. According to the cyclin-D1 data, the Wnt pathway signaling was probably less activated in the reduced O 2 tension than in normoxia on day 7 of the fourth passage (P ¼ 0.012) (Fig. 4D) , but the differences at other time points were not significant. In addition, no increase of hypoxia-related gene (HIF-1a and VEGF) expression was detected in the reduced O 2 culture than in normoxic culture ( Fig. 4I and J) . The EBs and differentiated hESC as expected expressed significantly higher levels of VEGF than undifferentiated hESC (Fig. 4J) . By IF, b-catenin was localized in the cytoplasm near the cell membrane ( Fig. 4K -O) . However, only few cells with nuclear accumulation of b-catenin (an indication of Wnt pathway activation status) (Moon et al., 2002) were noted ( Fig. 4K-N) , and thus no difference was identified between the two O 2 tensions. After the data about the NTU1 hESC line became available, the real-time PCR study was also performed on the NTU3 line for the expression of Oxygen tension and human embryonic stem cells hypoxia-related genes (HIF-1a and VEGF). It was found that the expression of these two genes were not statistically different between the two O 2 tensions for the NTU3 hESC line (data not shown).
Discussion
The differentiation of hESC can be identified based on the morphologic changes, or on the down-or up-regulation of stem cell markers and markers related to differentiation. This study analyzed the differences in hESC growth, morphology, apoptosis and gene expression patterns under different O 2 tensions. It was found that in the routine transfer of hESC at an interval of 7 days, hESC culture under a reduced O 2 tension (5%) did not provide significant advantages for maintenance of an undifferentiated state over the 21% O 2 . On the contrary, when prolonged culture (14 days) without splitting was attempted, a reduced O 2 tension was shown to be unfavorable with respect to the cell proliferation rate, but a comparatively improved morphology showing a more homogeneous appearance with a reduced area of gross differentiation of hESC colonies was found.
This study examined the gene expression patterns of hESC and confirmed that with only two exceptions, there were no significantly different expressions of representative genes of stemness, three germ layers and germ cells, hypoxia and the Wnt pathway in the O 2 tensions. The selection of the genes for the study was purely empirical in some cases but was based on the following considerations in others. Physiologically under hypoxia, animal and human tissues respond to low O 2 tensions with the expression of hypoxic genes, including HIF-1a, VEGF, GLUT-1 and ALDA, and switching from aerobic to anaerobic metabolism and neovascularization follow closely (Maltepe et al., 1997; Nanka et al., 2006) . This study therefore aimed to analyze this issue but did not detect increased expression of HIF-1a and VEGF in 5% O 2 , though the effect of an even lower level (e.g. 1 -3%) O 2 remains unknown. This result suggested that a 5% O 2 tension was not truly hypoxic to NTU1 and NTU3 hESC in the present culture conditions. At present, we do not know exactly the molecular pathways underlying pluripotency of hESC, but the potential candidates include inhibitors of FGF, TGFb/BMP and the Wnt pathways (Sato et al., 2003) . A previous study confirmed that the activation of Wnt signaling by the GSK-3-specific inhibitor maintained the pluripotency of hESC in vitro (Sato et al., 2004) . We therefore compared the activation status of the Wnt pathway through the analysis of the intermediate and end products of the Wnt pathway (Sato et al., 2004) , including b-catenin (Moon et al., 2002) and cyclin-D1 (a Wnt target gene) (Tetsu and McCormick, 1999) . It was hypothesized, though without existing evidence or report, that if the O 2 tension could affect the pluripotency of hESC, the Wnt signaling pathway might be one of the targets through which different levels of O 2 would exert their action. This study identified a lower activation level of the Wnt pathway (by cyclin-D1 expression) at the end of the fourth but not the first passage in a reduced O 2 culture, suggesting that comparatively decreased activation might be observed only after several passages. However, this issue could not be confirmed at present, because the nuclear levels of b-catenin were low in both O 2 tensions. According to these results, a reduced O 2 tension (5%) cannot be regarded as a more favorable environment for maintaining undifferentiated NTU1 and NTU3 hESC lines. However, this study cannot exclude the possibility that O 2 may use other signaling pathways (e.g. TGFb/BMP) to regulate hESC self-renewal.
The data from this study in some aspects are not consistent with previous reports (Ezashi et al., 2005; Forsyth et al., 2006; Gibbons et al., 2006; King and Miller, 2007; Peura et al., 2007) , which showed that reduced O 2 tension always improves the undifferentiated state of hESC in vitro (Ezashi et al., 2005) and enhances the establishment of mouse ESC (Gibbons et al., 2006) . The study by Forsyth et al. (2006) suggested that H1 or H9 hESC cultured in a reduced O 2 tension (2%) are smaller and less granular. The present study, to the contrary, consistently identified that at day 14 of culture, the NTU1 and NTU3 hESC in 5% O 2 tension presented with larger individual cell sizes, more complexity and thinner but grossly less differentiated colonies. It is unclear that how this discrepancy occurred, although different O 2 levels (2 versus 5%) are likely a factor. In addition, it is unknown at present whether the larger individual cell size and the increased complexity are indications of subtle or early differentiation, which could not be detected by the other experimental methods used in this and other studies. The study by Ezashi et al. (2005) showed morphologic, biochemical and immunofluorescent evidence of decreased differentiation in hypoxic cultures (Ezashi et al., 2005) . The present study, comparable with the report of Ezashi et al. (2005) , showed that after prolonged culture (after 10 days of culture), the hESC colonies were morphologically better with less gross differentiation in 5% O 2 tension. However, since hESC colonies in the same culture dish may differ greatly in their levels of differentiation and gene expression, a quantitative method (i.e. flow cytometry and real-time PCR used in this study) might provide more information with respect to the general behaviors of all hESC. Our data did not support any major difference in representative markers for differentiation and undifferentiation between normoxia and reduced O 2 tension. A previous study did not support the use of low O 2 tensions by showing that hypoxia (1% O 2 ) inhibited the self-renewal of mouse ESC and induced early differentiation in vitro, at least in part through the suppression of the LIF-STAT3 pathway (Jeong et al., 2007) . At present, it is unclear that what reason(s) lead to the discrepancies Oxygen tension and human embryonic stem cells between all these studies, but the followings are the presumptive mechanisms. Taking the study by Ezashi et al. (2005) as an example, there were differences in a number of culture conditions between the study by Ezashi et al. (2005) and the present study. For example, the hESC lines (NTU1 and NTU3 lines in our study versus the H1 line in the Ezashi's) and the media (ReproCELL medium versus DMEM/F-12 plus KO serum replacement) were different (Ezashi et al., 2005; Chen et al., 2007) . Each culture medium likely needs different gaseous tensions (O 2 and CO 2 ) for optimal function. In addition, we used different incubators for different O 2 tensions, but in the Ezashi et al.'s (2005) study, tissue culture plates kept in sealed chambers with a humidified gas mixture were used. Furthermore, since real-time PCR did not detect an enhanced expression of hypoxia-related genes, it was speculated that a 5% O 2 tension in the present culture setup did not provide a practically effective hypoxic environment. These above reasons singly or combined probably can partially explain the divergent results, especially when the potential effects of low O 2 tensions are inherently small. Therefore, this study does not provide evidence to support that a low O 2 tension (5%) is the optimal or more beneficial culture for hESC maintenance with short splitting intervals. This conclusion however cannot exclude the possibility that for specific culture environment and cell lines or for specific purposes, reduced O 2 tensions may be better. For example, this study did not explore the hypoxic effect on hESC behavior after they are intended to differentiate in vitro.
Our data did not address whether an even longer period of culture (e.g. continuous culture for more than 4 passages) would show any difference in hESC behavior. With respect to the difference in cell lines, a comparison between NTU1 or NTU3 hESC lines with reference lines such as H1 or H9 was not done in the current study. However, a recent experiment with different O 2 tensions (5 versus 21%) on hESC culture has been done by one of the authors (W.C.) at the Industrial Technology Research Institute (ITRI) in Taiwan using two hESC lines, an in-house line TW1 derived by the ITRI and the H9 line, both using a medium composed of 85% DMEM/F-12 plus KO serum replacement. The preliminary findings, which were comparable and consistent in both cell lines (TW1 and H9), were that when grown at 5% O 2 tension, the hESC colonies were smaller, thinner and expressed weaker AP activity (personal communication). This observation is comparable with that using NTU1 and NTU3 lines in ReproCELL medium. Although no further study was done on the stemness or hypoxia gene expression profiles, these data using H9 line probably could support the observations in this study and suggest that the findings are not limited only to the cell lines we used. In addition, since many labs study hESC using cell lines other than H1 or H9, and commercial media such as ReproCELL are becoming more popular, the present report should provide useful information and evidence to support the need to explore the potential differences between cell lines and culture media. For example, ReproCELL medium has recently been used successfully in the derivation and maintenance of human induced pluripotent stem cells and this medium deserves further investigation. The opinion that reduced O 2 tensions may not be optimal or necessary for hESC cultures can be further supported circumstantially by the fact that although hypoxic culture setups have long been available, many recent reports have not used hypoxic cultures for hESC (Clark et al., 2004; Sato et al., 2004; Kim et al., 2005; Klimanskaya et al., 2005 Klimanskaya et al., , 2006 Mateizel et al., 2006; Watanabe et al., 2007) , but have still obtained favorable culture results. It is therefore argued that reduced O 2 tensions may not be absolutely necessary for the maintenance of full pluripotency. However, it is presently unknown whether reduced O 2 tensions provides any advantages/disadvantages in culturing hESC for other subtle or undetected parameters such as oxidative stress damage or activation of a specific signaling transduction pathway for self-renewal. These issues therefore need further study. It addition, it needs to be considered how far the low O 2 culture system might affect the daily practice of hESC culture in the lab. The lower O 2 tension needs to be maintained through the use of N 2 , which in a small-sized triple-gas incubator (with a capacity of 30 l) which exhausts about 4800 l of N 2 every 2 -4 weeks. This will significantly increase the maintenance cost and workload in the lab. It thus needs to be clarified whether a reduced O 2 tension should be used in all, or in which specific situations, for the culture of hESC. Since the present study identified that NTU1 and NTU3 hESC colonies cultured in a reduced O 2 tension are thinner and proliferate more slowly, the data probably can be extrapolated into a reduced undifferentiated cell numbers after prolonged culture. However, for the derivation of new hESC lines, which will sometimes take a longer period before first splitting, a 5% O 2 may be beneficial due to the significantly better morphology at days 10-14 of continuous culture. The next consideration is that although a reduced O 2 tension probably represents a physiologic stimulus for the up-regulation of a set of genes needed for embryo development in vivo, there are actually significant differences between the growing embryos in vivo and the undifferentiated hESC in vitro. Naturally in vivo, it is the default for the inner cell mass to undergo differentiation into all cells in the body, and therefore, the maintenance of hESC (a derivative of the inner cell mass) in an undifferentiation state can be regarded as non-physiologic. Taken together, it may be interesting to advance the hypothesis that a low O 2 culture (physiologic) may be optimal when one plans to differentiate the hESC (a physiologic condition mimicking embryo growth in vivo), whereas normoxic culture (a non-physiologic condition) may be better for the maintenance of hESC in undifferentiated state (a non-physiologic condition), since hESC naturally tend to differentiate.
In conclusion, this study determined that culture of hESC in a reduced O 2 tension (5%) in short splitting intervals (every 7 days) would not significantly alter the proliferation and the stemness gene expression profiles, although after a longer duration of continuous culture (14 days), the proliferation rate is comparatively slower but there is possibly decreased differentiation. However, the present conclusions are based only on the experimental criteria we used to analyze the cells, and the potential impact of low O 2 tensions on other cellular attributes such as telomerase activity can be clarified only through further studies. Taken together from the present study with the previous reports (Ezashi et al., 2005; Forsyth et al., 2006; Gibbons et al., 2006; King and Miller, 2007; Peura et al., 2007) , it is suggested that different constituents of culture, duration of culture and purposes of hESC maintenance probably need different O 2 tensions for optimal performance. Since these issues are not settled completely, further exploration will be needed before the implementation of reduced O 2 cultures for hESC can be universally recommended.
